Erythropoietin, a glycoprotein produced by the kidneys in response to anemia and hypoxia, is a major growth factor for cells of the erythroid lineage. Erythropoietin
show that the hematopoeitic-specific' transcription factor GATA-1 is necessary, and indeed is sufficient as the sole cell-restricted regulator, for activation of the EpoR promoter in fibroblast transfection assays. Hence, GATA-1, which participates in transcriptional control of the majority of erythroidexpressed genes, also acts on the promoter of an essential lineage-restricted receptor (EpoR). This central contribution of GATA-1 to EpoR promoter function provides a mechanism whereby a cell-restricted regulator may ensure the viability and subsequent maturation of progenitor cells during hematopoietic differentiation.
The hormone erythropoietin (Epo) , which interacts with a high-affinity cell surface receptor (EpoR) on developing erythroblasts, is critical for normal erythroid development (1) . Intracellular signaling consequent to binding of the ligand to its receptor provides a proliferative response and ensures differentiation of the erythroid lineage (2) . The EpoR is expressed in a cell-restricted fashion': the polypeptide (or its mRNA) is present only in erythroid, megakaryocytic, and mast cells (refs. 3 and 4; L.I.Z., unpublished data). We have recently demonstrated that a 458-base-pair (bp) fragment of the EpoR promoter is active upon transfection into erythroid cells but is inactive in nonerythroid cells (5) .
One clue to the basis for the cellular distribution of the EpoR is the presence of a consensus motif (GATA) in the proximal promoter of both munrne and human EpoR genes (5) (6) (7) (8) . GATA motifs (9, 10) are found in the vast majority of erythroid-expressed genes and are recognized by a hematopoietic-specific transcription factor GATA-1 (11) , which in turn is expressed in cells oferythroid, megakaryocytic, and mast lineages (12, 13) . Targeted disruption of the GATA-1 gene in murine ES cells blocks normal erythroid development (14) . As regulation of EpoR expression through the action of GATA-1 would provide a biologically meaningful link between a nuclear regulator and a lineage-restricted receptor, we have assessed the role of the GATA element in EpoR promoter function.
MATERIALS AND METHODS Gel Mobility Shift Analysis. Preparation of nuclear extracts of mouse erythroleukemia (MEL) cells and gel mobility shift analysis were performed as previously described (11) . Incubation mixtures contained 2 pug of poly(dI-dC), 5-10 x lo, dpm of end-labeled DNA fragment (approximately 3 x 105 dpm/ng), and 2-6 tug of nuclear extract in a total volume of 20 AL. DNA-protein complexes were resolved from unbound DNA by electrophoresis on 5% polyacrylamide gels in 0.5 x TBE (90 mM Trisborate, pH 8.2/2.5 mM EDTA) buffer.
Analysis of Promoter Activity. A 458-bp fragment corresponding to nucleotides -337 to +121 of the wild-type murine EpoR gene (+ 1 is defined as transcriptional start site, and the major translational start site is at +150) was generated by PCR and cloned in a growth hormone (GH) reporter construct between the Xba I and Hind III sites (15) . Corresponding 458-bp fragments with mutations of the GATA and SpO elements (Fig. la) were similarly assembled by using PCR mutagenesis (17) . For transient expression in MEL cells, 2 X 107 cells were subjected to electroporation using 100 Ag of reporter plasmid as previously described (18) . GH production was measured by radioimmunoassay (Nichols Institute) at 72 hr. NIH 3T3 cells were transfected by the method of Okayama (19) as previously described (18) , using 15 (12) . Probes included a partial murine GATA-2 cDNA probe (unpublished data) and the murine GATA-3 cDNA probe (20) . As a control for RNA loading, filters were hybridized with a 83-actin probe. RESULTS GATA-1 and Spl Specifically Bind the EpoR Promoter. The proximal promoter of the murine'EpoR gene contains potential GATA (in the inverted orientation) and Spl proteinbinding sites (see Fig. la ) (21) . Initially we examined binding of nuclear proteins derived from MEL cells to these potential targets. As revealed by gel retardation assay, the GATA motifforms a specific complex with GATA-1 present in MEL cell extract (Fig. lb, lanes 1-5) . Mutation of the GATA core impairs protein binding (lanes [6] [7] [8] [9] [10] (5) . Control experiments showed that transcription is-initiated appropriately on the EpoR-GH construct in MEL cells (not shown). EpoR promoter activity, as measured by GH production by transfected MEL cells, is dependent on the integrity of both GATA-and Spl-binding sites (Fig. 2a) . Thus, the GATA element is necessary for activity of the EpoR promoter. Furthermore, these findings reveal potential cooperation between GATA-1 and Spl transcription factors in establishing full promoter activity. GATA-1 Directly Transactivates -the EpoR Promoter. We next asked whether the EpoR promoter might be activated by GATA-1 expressed in a cell that does not normally express 7) ; GATA mutant -61 to -28 ( lanes 3 and 8) ; a-globin probe containing a GATA motif (lanes 4 and 9) (11); and heterologous oligonucleotide (lanes 5 and 10) (16) (18) . Although expressed chicken GATA-1 activates the chicken aD-globin promoter through a proximal GATA site (22) , other human and murine erythroid-specific promoters in which GATA elements are more distally positioned (such as the human 'y-globin and mouse a-globin promoters) are not activated in heterologous cells by expression of mammalian GATA-1 alone (18) . To examine GATA-1 action on the EpoR promoter, we cotransfected EpoR-GH and GATA-1 cDNA expression constructs into murine fibroblasts and measured reporter (GH) expression. Wild-type EpoR-GH was transactivated approximately 50-fold by wild-type GATA-1 relative to a control in which a mutant form of GATA-1 cDNA lacking activation domains was expressed (Fig. 2b) . Transactivation of the mutant EpoR promoter was markedly reduced (Fig.  2b) . Residual activity of this mutant reporter may reflect binding of GATA-1 to cryptic sites in the plasmid vector and transcriptional enhancement at a distance (18, 22) . In contrast to other erythroid-specific promoters, the EpoR promoter is highly sensitive and directly responsive to GATA-1 expression in transient assay in a fibroblast environment (18) . As such, GATA-1 appears to be the only cell-restricted factor necessary for activation of the EpoR promoter in a cotransfection-transactivation assay.
Potential Involvement of Other GATA-Binding Proteins in Erythroid Cells. Cis-regulatory elements are often recognized by multiple proteins with similar (or identical) DNA-binding specificities that may coexist in cells (23, 24) . GATA-1 was initially believed to be the sole protein in erythroid cells capable of high-affinity interaction with the GATA motif. More recently, however, other GATA-binding proteins, related to GATA-1 by virtue of their highly homologous zinc finger domains, have been identified in other species (25) . To date, two additional GATA-binding proteins (GATA-2 and GATA-3) have been characterized in vertebrate cells (20, (25) (26) (27) . Whereas GATA-2 is widely but variably expressed, GATA-3 is largely restricted to T-lymphoid cells and fetal brain.
To evaluate the potential contribution of these proteins to EpoR promoter regulation, we have examined their expression at the RNA level in MEL cells. GATA-2 transcripts, though present, are detectable only after prolonged exposure (Fig. 3 a and b) . GATA-3 RNA is undetectable in MEL cells (Fig. 3c) . Forced expression of GATA-2 mRNA in NIH 3T3 cells, at levels far greater than that which exists in MEL cells, transactivates the EpoR promoter specifically through the GATA element (data not shown). By quantitation using a Phosphorimager (Molecular Dynamics, Sunnyvale, CA) of Northern blots hybridized with probes having comparable specific activity, we estimate that MEL cells express 30-fold more GATA-1 mRNA at steady state than GATA-2 mRNA. In accord with this finding, we observe that the vast majority of GATA-binding activity in MEL cells can be specifically retarded in gel-shift assays using a polyclonal antiserum specific to GATA-1 (28) . The abundance of GATA-1 in erythroid cells (estimated to be approximately 0.2% of mRNA in MEL cells) argues strongly that GATA-1, rather than another GATA-binding protein, is indeed the factor that interacts with the GATA motif in the EpoR promoter in vivo. In support of this conclusion, we find that another erythroleukemia cell line (GM979) expresses abundant GATA-1 and EpoR RNA, yet lacks GATA-2 mRNA (not shown).
DISCUSSION
We have demonstrated that the hematopoietic-restricted transcription factor GATA-1 specifically recognizes a bind- ing site in the promoter of the EpoR gene. In the context of a transient transfection assay this site is critical for the function of the promoter in erythroid cells. In addition, forced expression of GATA-1 in heterologous cells, such as fibroblasts, transactivates the EpoR promoter in cotransfection experiments. This distinguishes the EpoR promoter as a sensitive target of GATA-1 activation, as contrasted with the promoters of many erythroid-expressed genes (e.g., globins) that are not subject to direct transactivation (18) . Genes, such as that encoding EpoR, whose promoters are highly responsive to GATA-1 transactivation may constitute a distinct class of erythroid-expressed products that are required early in the program of erythroid development. Although other members of the GATA-binding family can bind the GATA site of the EpoR promoter in vitro, this interaction is unlikely to be significant in erythroid cells, given their low level of expression in vivo.
Our findings provide the first evidence (to our knowledge) for involvement of a cell-restricted transcription factor in regulation of a lineage-specific hematopoietic growth factor receptor and are of particular relevance to erythroid development. Two pathways mediated by GATA-1 may serve to guarantee subsequent maturation of developing progenitor cells. First, control of the EpoR promoter through the action of GATA-1 should ensure continued survival of erythroid progenitors in the presence of Epo. Second, evidence for a functional GATA site in the GATA-1 promoter provides a basis for a positive regulatory loop by which GATA-1 maintains its own expression (17, 29) . Hence, a cell-specific transcription factor and a cell-surface receptor effectively cooperate to promote survival and maturation of erythroid progenitors. As revealed through gene disruption in ES cells, erythroid development in vivo requires GATA-1 (14) . Though the point at which the block to differentiation is manifest remains to be established, involvement of GATA-1 in control of the EpoR promoter suggests a simple mechanism whereby the absence of GATA-1 might impair expression of the EpoR in developing progenitors. As a consequence, EpoR-deficient progenitors would undergo programmed cell death, despite adequate circulating Epo (30) .
